Silver nanoparticle embedded poly(vinyl alcohol)-poly(methyl methacrylate) nanofibers, ca. 30 nm in diameter and ca. 60 mm in length, were fabricated by one-step radical-mediated dispersion polymerization using 2,29-azobis(isobutyronitrile) to reduce the silver ions. In this methodology, PVA acted both as a gelator to form the nanofibers and as a stabilizer to protect the silver clusters from sintering.
strong electron-donating unit could reduce silver ions. Yu and coworkers fabricated flexible silver-crosslinked poly(vinyl alcohol) (PVA) coaxial nanocables by in situ reduction of silver ions and crosslinking of PVA. 6 They explained that PVA was responsible for both the formation of silver nanoparticles and growth of silver nanowires in an axial direction. In addition to these in situ metalizations in polymeric solutions, a monomer and a radical initiator have been also used to form silver nanostructures during polymerization. Chemical oxidative polymerization of a pyrrole monomer was performed by reducing silver ions in a redox system. 7 Moreover, in situ formation of silver nanoparticles occurred onto the polymer microsphere surface due to the reduction potential of the generated radicals. 8 Silver-polymer nanofibers have been applied to various research fields such as biomaterials, medical devices, and electronics. 9 Most of these polymer nanofibers have been prepared by the electrospinning technique, which needs a supplementary electric potential to create a jet for the formation of fibers. In the preparation of silver-polymer nanofibers, silver nanoparticles can be deposited on those electrospun polymer nanofibers by sputter coating, 9 or polymeric solutions containing silver ions can be co-electrospun. 10 Therefore, facile synthesis of silver-polymer nanofibers using in situ methods is still challenging and of particular interest. In this communication, we report the novel one-step fabrication of silver nanoparticle embedded poly(vinyl alcohol)-poly(methyl methacrylate) (PVA-PMMA) nanofibers by radical-mediated dispersion polymerization. In order to synthesize silver-polymer nanofibers by one-step polymerization, we selected 2,29-azobis(isobutyronitrile) (AIBN), which played a role in initiating the radical polymerization, as well as reducing silver ions. Scheme 1 illustrates the overall synthetic procedure for the fabrication of silver nanoparticle embedded polymer nanofibers. PVA has a lone pair on the hydroxyl oxygen, which can coordinate with metal ions. To form silver ion-PVA complexes, the PVA was introduced into aqueous silver nitrate solution (0.29 mM). Different amounts (0.25-2.0 g L
21
) of PVA (from Sigma-Aldrich, with molecular weight in the range 31 000-181 000) were used. Vigorous magnetic stirring was used to induce a high shear flow during the fabrication of the polymer nanofibers. Under these conditions, PVA became fully oriented with silver ions in the flow direction.
11 AIBN (0.29 mM), as a reductant and radical initiator, was then added into the oriented silver ion-PVA aqueous solution (100 mL) at 60 uC. The organic radicals produced by the decomposition of AIBN were adsorbed onto the surfaces of the silver ion-PVA complexes, which were relatively hydrophobic compared to the hydrophilic aqueous medium. Simultaneously, the adsorbed radicals reduced silver ions to form linear silver nanoparticles-PVA assemblies, due to the dipole-dipole interaction between the silver nanoaprticles. 12 At this stage, PVA acted as not only a gelator 13 but also a stabilizing agent to prohibit silver clusters sintering. When MMA (0.02 M) was injected, the remaining radicals initiated the polymerization of MMA monomer, spontaneously reducing the silver ions. The injected MMA was adsorbed onto the linear silver-PVA assemblies because hydrogen bonds were formed between the hydroxyl (-OH) functional group of PVA and the carboxyl (-COO) group of MMA. As a result, MMA became tightly bound to PVA, and then polymerized onto the silver-PVA complex. Polymerization was allowed to proceed for 24 h, and the products precipitated during this time. The precipitate was collected and washed with ethanol to remove the residual reagents. Fig. 1a shows scanning electron microscopy (SEM) and transmission electron microscopy (TEM, inset) images of silver nanoparticle embedded polymer nanofibers. The polymer nanofibers were ca. 30 nm in diameter and ca. 60 mm in length, as can be seen in the SEM image. Furthermore, they had smooth surfaces, indicating that no silver nanoparticles were located on the surface of the nanofibers. The inset TEM image in Fig. 1a shows that silver nanoparticles with an average size of 7 nm were embedded in the polymer nanofibers and assembled in one direction. Judging from these data, silver nanoparticle-polymer nanofibers have been formed by this method.
In addition, the optical properties of the silver-polymer nanofibers were analyzed by absorption spectroscopy. The plasmon absorption peak at 400 nm is characteristic of nanosize silver particles, and broadness of this peak is indicative of the small size of these nanoparticles.
14 Fig. 1b displays the broad characteristic peak of silver nanoparticles in the UV-Vis spectrum. This obervation confirmed that the silver nanoparticles were nanometre-sized. By using the correlation between the full width at half-maximum (FWHM) and the diameter of particles, 14 the size of the silver nanoparticles embedded in the polymer matrix was determined as approximately 8 nm. This result is consistent with the TEM image. An X-ray photoelectron spectrum (XPS) of the prepared silver nanoparticles is presented in Fig. 2a . Generally, metallic silver 3d peaks are centered at 367.9 eV (for Ag 3d 5/2 ) and 373.9 eV (for Ag 3d 3/2 ), with a spin energy separation of 6.0 eV. 15 Under our experimental conditions, two peaks corresponding to the embedded silver nanoparticles were observed at 368 eV and 374 eV, with a 6.0 eV separation, corresponding to the Ag 3d 5/2 and Ag 3d 3/2 binding energies, respectively. Our prepared silver nanoparticles therefore had negligible shifts and the same spin energy separation as metallic silver, thus implying that the silver nanoparticles synthesized during polymerization are mostly zerovalent silver. A Fourier-transform infrared (FT-IR) spectroscopic analysis was conducted to confirm the polymerization at the surface of silver nanoparticles (Fig. 2b) . In the FT-IR spectrum of Ag-PVA, the peaks from PVA could be assigned: 1150 and 1195 cm 21 from the C-O stretching vibration, and near 3400 cm 
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from the O-H stretching vibration. Additionally, the characteristic FT-IR peaks of PMMA appeared at 1738 and 1220 cm 21 in the Ag-PVA-PMMA spectrum, due to the CLO stretching and C-O-C stretching vibrations, respectively. This spectrum confirmed that polymerization had taken place successfully at the surface of the silver-PVA complexes.
In order to verify the generation of silver-polymer nanofibers during the polymerization, a blank system containing only silver ions and PVA (without monomer) was examined. There was no fiber formation from this silver-PVA system, as can be seen in Fig. 3a . Instead of fibers, only two-dimensional assemblies of silver nanoparticles were formed, with a ''wheat sheaf'' structure because of the crystallinity of PVA. 16 From this experiment, it can be concluded that silver-embedded polymer nanofibers were fabricated during the radical-mediated dispersion polymerization. For comparison, Fig. 3b shows the SEM image of silver nanoparticle embedded PMMA nanorods. The silver-PMMA system (without PVA) produced polymer nanorods with a small aspect ratio, and with larger silver nanoparticles than the silver-PVA-PMMA system. This control experiment indicated that PVA acts as a gelator to disperse and grow nanofibers in the axial direction, and as a stabilizer to protect the silver nanoparticles from aggregation.
To investigate in detail the effect of the amount of PVA, average diameters of silver nanoparticles and polymer nanofibers were analyzed while changing the weight ratio of silver ion to PVA ( Table 1) . The size and diameter were measured directly from each TEM image. In a each case, 100 silver nanoparticles and polymer nanofibers were counted, and the values averaged. As the ratio of silver ions to PVA increased, the size of the silver nanoparticles and the diameter of the polymer nanofibers both increased. When small amounts of PVA were used, larger silver nanoparticles and thicker polymer nanofibers are obtained because PVA cannot effectively stabilize the silver nanoparticles and the polymer nanofibers during polymerization. Since the polymer nanofibers had been grown from the assemblies of silver nanoparticles, the differences between the sizes of the polymer nanofibers were more significant than those of the silver nanoparticles. The role of PVA as a stabilizer and a gelator are therefore proved indirectly from this data.
In conclusion, the radical-mediated dispersion polymerization technique is found to be a facile one-step method for the fabrication of silver nanoparticle embedded polymer nanofibers in situ. The AIBN radical acted as a reductant and initiator during the polymerization process, and PVA played a role both in protecting the silver nanoparticles from aggregation and in producing the polymer nanofibers. This novel approach could be expanded to the synthesis of other metal nanoparticles and diverse polymer nanofibers. Notes and references 
